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Figure 1. Actinophyllic acid (1) and azabicyclic core 2.
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Lewis acid mediated intramolecular Mannich reaction between an azocinone and a 3-formylindole was
investigated as part of a study towards the synthesis of actinophyllic acid. The intramolecular Mannich
reaction resulted in a single diastereomer of the 1-azabicyclo[4.2.1]nonan-5-one core framework,
although single crystal X-ray structure analysis revealed that this had the undesired stereochemistry
in comparison with the natural product.

� 2014 The Authors. Published by Elsevier Ltd. All rights reserved.
Many monoterpene indole alkaloids from the secologanin bio-
synthetic route have been discovered,1 including the novel indole
alkaloid actinophyllic acid (1) (Fig. 1), which was isolated from
the leaves of Alstonia actinophylla (Apocynaceae).2 This bioactive
alkaloid was isolated using a bioassay-guided fractionation of the
aqueous phase employing a CPU/hippuricase coupled enzyme as-
say to detect carboxypeptidase U inhibitors. Actinophyllic acid
was found to be a potent inhibitor of this enzyme assay with an
IC50 of 0.84 lM. Inhibition of carboxypeptidase U may facilitate
fibrinolysis (the process by which the body removes small blood
clots from circulation) and, therefore, has the potential to act as a
treatment for cardiovascular disorders.2 The structure of actino-
phyllic acid (1) contains a complex fused alkaloid ring system con-
taining an azabicycle 2 bridged to an indole.

The first total synthesis of actinophyllic acid was achieved by
Overman and co-workers.3 The key synthetic step employed an
aza-Cope Mannich reaction to achieve the desired framework.
Optical rotation and electronic circular dichroism measurements
on the separated methyl ester enantiomers allowed the absolute
configuration to be assigned.4 Overman and co-workers also re-
ported the first enantioselective total synthesis as well as improve-
ments to the end game strategy.5 Martin and co-workers have
recently reported an alternative total synthesis which includes
structural analogues.6 Other routes towards the synthesis of
actinophyllic acid (1) have also been reported.7

The Mannich reaction is historically useful for the synthesis of
alkaloid frameworks.8 With Overman’s route in mind, an alterna-
tive approach to the 1-azabicyclo[4.2.1]nonan-5-one core 2 was
envisaged employing an intramolecular Mannich reaction. Re-
cently, Maldonado and co-workers reported a similar strategy
employing a Mannich reaction to give the azabicyclic core ring sys-
tem.7c We herein report our results as a comparable approach.

The first step in the retrosynthetic strategy disconnects the
hemi-acetal providing the malonoyl indole 3 (Fig. 2). The forward
sense of this retrosynthetic disconnection was clarified by Over-
man and co-workers.3 This known malonoyl indole 3 contains a
1,4-dicarbonyl, and could be disconnected to the azabicy-
clo[4.2.1]nonan-5-one 4. The key step towards this ring system
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Scheme 2. Synthesis of amine 6.
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Entry Lewis acid Solvent Temp (�C) 4 (%)

1 B(C6F5)3 CH2Cl2 rt 0
2 BPh3 CH2Cl2 rt 8
3 B(OMe)3 CH2Cl2 rt 0
4 AuCl3 CH2Cl2 rt 0
5 Ti(OiPr)4 CH2Cl2 rt 1
6 Zn(BF4)2 CH2Cl2 rt 2
7 MgBr2�OEt2 CH2Cl2 rt 9
8 AgOAc CH2Cl2 rt 0
9 BPh3 CH2Cl2 40 20
10 BPh3 1,2-Dichloroethane 40 14
11 BPh3 PhCF3 40 30
12 BPh3 PhCF3/H2O (9:1) 40 40
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Figure 2. Retrosynthetic analysis.
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would then be to employ an intramolecular Mannich reaction be-
tween the 3-formylindole 5 and the 8-membered ring amine 6.

The synthesis of the indole 5 started with the known transfor-
mation of oxindole to 2-chloro-3-formylindole (7) using Vilsme-
ier’s reagent.9 Subsequent nitrogen protection with Boc2O gave
the indole 8 in excellent yield. Deprotonation of dimethyl malonate
with NaHMDS in THF at 0 �C and treatment with indole 8 pleas-
ingly gave the desired indole 5 in 95% yield (see Scheme 1).

The eight-membered azocan-5-one (azocinone) ring was con-
structed by optimising the work of Miyano.10 Following the re-
ported procedure, neat pyrrolidinone was treated with elemental
sodium at 130 �C, and then subsequently with c-butyrolactone
which gave carboxylic acid 9 in 65% yield.10a This was then distilled
from finely ground soda lime.10a–c It was found that this reaction
achieved the highest yield when the reaction was performed in a
Kügelrohr distillation apparatus with a bulb-to-bulb distillation,
yielding pure tetrahydropyrrolizine 10 that was immediately trea-
ted with CbzCl in biphasic aqueous 30% K3PO4 and toluene (rather
than via the reported hexahydropyrrolizinium perchlorate
salt)10d,10e to generate the N-Cbz azocinone 11 in a modest yield
from carboxylic acid 9.10f,g The required TBS enol ether 12 was pre-
pared from the N-Cbz azocinone 11 by treatment with TBSOTf and
Et3N at low temperature in excellent yield. Finally, cleaving the N-
Cbz protecting group, by subjecting O-TBS enol ether 12 to hydrog-
enolysis using the H-Cube™ with Pd(OH)2/C CatCart™, provided
amine 6 in excellent yield (see Scheme 2).

The Mannich reaction was initially attempted with Brønsted
acids ([0.1–6 M] HCl, TsOH) in protic (H2O, MeOH) or aprotic
(Et2O, toluene, THF) solvents. However, this led to recovery of in-
dole 5 and decomposition of amine 6 to tetrahydropyrrolizine 10.
To prevent the formation of tetrahydropyrrolizine 10, milder reac-
tion conditions were investigated. There are reports of Lewis acid
mediated Mannich reactions,11 and the use of silyl enol ethers as
reagents.8,12 Efforts towards accessing azabicycle 4 were con-
ducted with a Lewis acid that could promote iminium ion forma-
tion, but was not so strong that it would deprotect the silyl enol
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Scheme 1. Synthesis of indole malonate 5.
ether. Amine 6 and aldehyde 5 were treated with a range of Lewis
acids (2 equiv) at room temperature for 16 h, giving the desired
azabicycle 4 with mixed results (Table 1).

Lewis acids B(C6F5)3, B(OMe)3,11a AuCl3
11b and AgOAc11c failed

to produce any of the desired product (entries 1, 3, 4 and 8,
respectively). However, the desired amine 4 was obtained in 8%,
1%, 2% and 9% yield using BPh3,11d Ti(OiPr)4, Zn(BF4)2

11e and
MgBr2�OEt2,11f respectively (entries 2, 5–7). Elevating the tempera-
ture to 40 �C, when employing BPh3, increased the yield from 8% to
20% (entry 9).13 Changing the solvent to 1,2-dichloroethane failed
to improve the reaction (entry 10). Interestingly, changing to
trifluorotoluene improved the yield to 30% (entry 11), with the
addition of trace quantities of water improving the yield further
(entry 12).14

Azabicycle 4 was isolated as a single diastereomer with the
molecular structure being confirmed by HSQC and ROSEY 2D
NMR experiments. The relative stereochemistry was confirmed as
anti by single crystal X-ray analysis. This is different from that re-
quired for the synthesis of actinophyllic acid.15 The X-ray crystal
structure shows a hydrogen bonding interaction between the
amine and the C–H of the malonate. Maldonado and co-workers
also reported anti selectivity (see Fig. 3).7c

The cyclisation is likely to occur by nucleophilic attack of the
silyl enol ether onto the indole 13 (or possibly the iminium ion).
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The diastereoselectivity must arise either from a thermodynamic
preference for the isomer 4, or from a preference for a transition
state of general structure 14 rather than 15. The latter has a steric
clash between the indole unit and the OTBS group (see Fig. 4).

In conclusion, the synthesis of the azabicycle 4 core system with
anti diastereoselectivity was achieved using a BPh3-mediated
intramolecular Mannich reaction. Current investigations are
underway using an approach in which the 1,4-dicarbonyl function-
ality is set up prior to the transannular Mannich reaction.
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